Abstract. The stratosphere-troposphere (ST) mode operation of the Indian mesospherestratosphere-troposphere (MST) radar provided evidence of multiple stable layer slxucmres near the tropopause and also of its "weakening" during late night hours on several occasions. Mass exchange can take place between the troposphere and the stratosphere during periods of such weakening. To examine whether there is any transport of ozone from the stratosphere to the troposphere at the time of tropopause weakening at tropical latitudes, simultaneous observations were carried out using the Indian MST radar located at Gadanki (13.5øN, 79.2øE), now fully operational in MST mode, and ozonesonde flights from Trivandmm (8.9øN, 76.6øE). Four campaigns of simultaneous observations were conducted during January 3-8, November 9-16, and December 5-10, 1994, and June 7-24, 1995. The results show occurrence of the tropopause weakening several times during January 3-8, November 9-16, and December 5-10, 1994. Simultaneous observations of ozone profiles, particularly on January 7-8, November 10 and 16, and December 7-8, 1994, the days of tropopause weakening, show evidence of a decrease in stratospheric ozone and a corresponding increase in tropospheric ozone after this event, the total ozone remaining essentially constant on these days with respect to other days. Tropopause weakening on January 4-5, 1994, however, does not show any considerable change in the ozone profiles. The results are presented here relating the degree of tropopause weakening to the extent of vertical mass exchange between the troposphere and the stratosphere.
Introduction
The downward flux of stratospheric ozone into the troposphere controls the tropospheric ozone budget in middle and high latitudes IDanielsen and Mohnen, 1977; Fishman and Crutzen, 1978] . Although representing only 10 % of the total column, tropospheric ozone is an important gas because it can influence the chemical cycles and lifetimes of many important trace gases (e.g., H:O,CO, erin, H:S, etc.) in the troposphere because of its photolysis by UV radiation in the presence of water vapor [Wofiy et al.,1972] . In addition, it is a greenhouse gas itself and can change the radiation budget and thus may affect the climate [Ramanathan and Dickinson, 1979] . hours between these two regions [Reiter et al., 1969] . In addition, latitudinal and seasonal changes in the tropopause are related to dynamical processes of different timescales and space scales of general circulation. The tropopause has been routinely observed for decades by radiosondes twice a day on a global basis. Climatological studies can be done on these data sets, but the dynamical processes of shorter timescales may not be followed by routinely observed radiosonde data. According to World Meteorological Organization (WMO) guidelines, the tropopause must be defined as the bottom of a layer thicker than 2 km with a mean lapse rate equal to or less than 2 K/km. Bjerknes and Palmen [ 1937] first observed the layered tropopause of a few kilometers thickness in vertical scale (102-10 3 km in horizontal extent and less than a day in temporal scale) with radiosonde data. So multiple structures in radiosonde temperature profiles with vertical scale of-2 km are smoothed out according to WMO guidelines.
With the advent of clear-air Doppler radar it has become possible to continuously monitor this multiplicity structure near the tropopause under all weather conditions. The multiple layered structure near the tropopause was observed by stratospheretroposphere (ST) mode operation of the Indian mesosphere-stratosphere-troposphere (MST) radar [daya and has also been observed at other latitudes [Dalaudier et al., 1994; Yamanaka et al., 1996] . However, Yamanaka et al. [1996] proposed that the subtropical multiple tropopauses, for which layered turbulence generation is required in the tropopause region, are nothing but the dominant modes of lower stratospheric inertio-gravity waves. At higher latitudes, the occurrence of multiple tropopause structure may be due to frequent vertical exchange across the tropopause [Mahlman, 1997] .
In addition, sudden changes in tropopause structure on timescales less than few hours or so have also been detected by MST radar at middle and high latitudes [Rastogi and Rottger, 1982 Reed [1950] proposed a model to describe the relationship between the total ozone and weather patterns for the northern hemisphere. The relationship between ozone amounts and day-to-day weather parameters is well documented in the literature [Vaughan and Price, 1989; Ebel et al., 1991 ] . They have also found that near a cutoff low in the upper troposphere, the synoptic scale circulation has a good correlation with stratospheretroposphere exchange, which determines the distribution of ozone in the atmosphere. Shapiro et al. [ 1982] , Ebel et al. [1991] , and Uccellini et al., [1985] have also shown how the total ozone field obtained from total ozone mapping spectrometer (TOMS) is affected by position and intensity of jet streams and tropopause folding/break events in midlatitude and found good correlation with synoptic scale circulation. Rodgers et al., [1990] have extended them to subtropics, where total ozone fields change with the tropical cyclones and tropopause topography.
Fishman et al. [1986] have shown that day-to-day total ozone variations are dominated by tropospheric ozone changes in the equatorial Atlantic during the savanna burning season. Futhermore, Fishman et al. [1987] showed that the synoptic distribution of ozone at the surface can strongly influence the distribution of TOMS total ozone during a widespread air pollution episode over the eastern United States. Owing to the nonavailibility of a large number of ozonesonde stations over the world, particularly at tropical regions, Fishman et al., [ 1990] first attempted to establish the climatological distribution of tropospheric column ozone, referred to as tropospheric ozone residual (TAR), using satellite data (TOMS minus Stratospheric Aerosol and Gas Experiment II (SAGE II) data) between 50øN and 50øS and found a good correlation between the TaR and the total ozone at low latitudes. Vukovich et al. [1996] have shown the feasibility of tropospheric ozone residual for nonclimatological studies (daily values, weekly averages, and monthly averages) based on TOMS, SAGE II, and Solar backscattered ultraviolet (SBUV) data and concluded that satellite ozone measurements may be used to infer a qualitative knowledge of the distribution of tropospheric ozone on smaller timescales. To our knowledge, no experimental evidence of ozone transport from stratosphere to troposphere relating to the perturbation of shorter timescales in tropopause structure is reported so far in tropical latitudes.
Though the low latitudinal transport phenomena are different from those of midlatitudes and high latitudes, a special ozone transport campaign was designed to examine it along with the Indian MST radar at Gadanki, near Timpati (13.5øN, 79.2øE), synchronized with balloon-borne ozonesonde ascents at neighboring station Trivandmm (8.9øN, 76.6øE). The ozonesonde ascent site is about 500-km southward of the radar site. Though the two sites are not colocated, any mesoscale phenomena within a range of 103 km can affect both sites simultaneously and to the same degree. The temperature profiles were taken from the routine radiosonde ascents from Madras (13.0øN, 80.0øE), which is about 100 km away from the radar site.
The main thrust of this paper is the quantitative analysis of transport of ozone from stratosphere to troposphere from the ozone vertical profiles following the sudden changes in tropopause structure. In the next section, a description of the Indian MST radar at Gadanki and the Brewer type balloon-borne ozonesonde is presented briefly, and data processing is discussed in detail. In section 3, a brief description is given about the National Center for Medium-Range Weather Forecasting (NCMRWF) general circulation model (GCM) which is used to analyze the large-scale synoptic weather patterns.
In section 4 the results of the observations will be discussed in detail. Here we have given a new definition of the sudden changes in tropopause structure. A plausible mechanism, which can qualitatively account for the cause behind these changes in tropopause structure and its effect on the vertical distribution of ozone will be addressed. An effort has been made to examine the role of horizontal advection of ozone due to its spatial gradient in increasing tropospheric ozone, and the geographical distribution of tropospheric ozone residual (TAR) has been analyzed by two data sets obtained independently from Meteor 3 total ozone mapping spectrometers (Meteor 3 TOMS) and the Upper Atmosphere Research Satellite (UARS). Simultaneously, the possibility of horizontal transport of ozone from areas surrounding Timpati and Trivandmm in enrichment of tropospheric ozone due to synoptic scale circulation has also been verified in detail by close inspection of synoptic weather charts at 1000, 700, 500, and 300 hPa obtained from the NCMRWF GCM at 0000 and 1200 UTC on January 7 and 0000 and 1200 UTC on January 8, 1994. The conclusions will be given in section 6.
Experimental Description and Data Analysis
To address the vertical transport during the abnormal behavior of the tropopause, four campaigns were carried out during the period of January 3-8, November 9-16, and December 5-10, 1994 and June 7-24, 1995, using the Indian MST radar at Gadanki (13.5øN, 79.2øE) synchronized with a balloon-borne ozonesonde from Trivandmm (8.9øN, 76.6øE).
With the objective of the determination of tropopause weakening (break), the Indian MST radar was operated in campaign mode. The Indian MST radar is a highly sensitive VHF phased array radar with an operating frequency of 53 MHz and an average power aperture product of 7x108 W m 2 [Rao et al., 1995] . The height resolution of radar observation is 150 m. As described by Jain et al. [1994] , the online data processing carries out fast Fourier transformation (FFT) and incoherent integration of the Doppler spectra. The inclination of the off-zenith beam of radar was taken at an angle of 20 ø . The 3-dB beam width of the polar diagram is in the range of 2.80-3 ø . The experimental specifications are given in Table 1. The Doppler spectra obtained as output are subjected to the calculation of three low-order spectral moments which provide total signal power, radial wind velocity, The second moment of the radar signal spectra, i.e., spectral width, yields rms deviation of turbulence. Hence the spectral width can be used to estimate various turbulence parameters. However, the beam width, background horizontal width, and vertical gradient of horizontal winds can contaminate the spectral width [Hocking, 1985] . Since 50-MHz radar is very susceptible to specular reflection (especially above the tropopause), the oblique beam spectral width has been used here. The nonturbulent contribution due to beam broadening and shear broadening which depend on the above mentioned factors has been removed from observed spectral width by the method given by Hocking [ 1985] .
For the quantitative estimation of ozone transport during and after the tropopause weakening (break), the balloon-borne ozonesonde ascents were taken on radar observation days as given in Table 2 . The modified electrochemical Brewer bubbler ozone sensor (BrewerMast sonde) (B-M sonde) has been used in the ozonesonde [Sreedharan, 1968] The individual reading taken as units of partial pressure is obtained at various pressure levels from the relation P ( micromillibar ) = 4.3 x 10 '3 x i x T x t
where i is the ozone sensor current produced due to the entering of ozone molecules in the external circuit; T is temperature of the air in degrees Kelvin; and t is the time in seconds for pumping 100 mL of air. Assuming that the ozone in the atmosphere is present up to 1 hPa, the sonde profile is integrated vertically. The integrated ozone has been normalized by the total ozone measured by Dobson spectrometers at nearby stations. In order to obtain agreement between the integrated sonde profile and the corresponding measured total ozone, some normalization factor has been used to adjust the individual sonde measurements at all altitudes. In the present study, the data quality has been achieved by selecting the normalization factor with a range of 1.3-0.8 + (0.035-0.1). For ozonesonde data analysis, the volume mixing ratio is used as unit for 03 concentration. This choice is approximate for investigations of tropospheric 03, because this quantity is a quasi-conservative property of an air parcel. The 03, originally measured in micromillibars, have been converted to ppmv by dividing them by the pressure. 
Tropopause Weakening
The sudden changes in tropopause structures are observed several times in the data collected during four different campaigns. The anomalous structures observed during these four campaigns will be highlighted here.
Figures 3a-3d and 4a-4d represent time-height series of the contour plots of relative echo power and SNR vertical gradient during the period of January 3, January 4-5, January 6-7, and January 7-8, respectively. The signal strength generally decreases with height in the troposphere but increases by about an order of magnitude from the hydrostatically stable regions, mostly due to the specular reflection mechanism. Generally, the lower stratosphere is characterized by large stability returns, and therefore the large relative echo power at 18-20 km suggests that the location of the tropopause may be below 18 km. The large positive gradient in SNR at---16-18 km on January 3, January 4-5, and January 6-7 quantitatively infers the location of the tropopause. 3, 4-5, 6-7) . In addition, another stable layer, which is generally found at-13-14 km (January 3, 4-5, 6-7) has descended to •12-13 km. On January 7-8, relative echo power at-•17-19 km, i.e., the lower stratosphere, has disappeared during the periods of 0000-0200 IST and 0900-1000 IST. In addition, the multiple layered structure near the tropopause has suddenly descended and become indistinguishable from the lower stable layers at -•12-13 km, giving the impression that the tropopause has disappeared. Unfortunately, during these particular periods, there was no balloon sounding. Of course, effects have also appeared in the temperature profiles on 1730 IST on January 7 and 0530 IST on January 8. Though the disappearance period of the tropopause is around-2-3 hours, the total time period of disappearance and regeneration of the tropopause is around •4-5 hours, which is associated with mesoscale features. Therefore the examination of temperature profiles ( Figure 5) during the adjacent period also shows a broad pattern near the tropopause.
Close inspection of the events during January 4-5 and January 7-8, 1994, suggests that the tropopause has become indistinguishable from lower stable layers at -13-14 km or disappeared for a certain period. It is clear from the relative echo power when it has weakened to negligible. Therefore these events can be termed as "tropopause weakening."
The large positive vertical gradient in SNR has been taken as algorithms of quantitative detection and monitoring of tropopause structure by VHF radar during the period of November 9-16 (Figures 6a-6e) and December 5-10 (Figures 7a-7f) , 1994, and June 7-24, 1995 (Figures 8a-8j) . The anomalous pattern in tropopause smacture, i.e., "tropopause weakening" as seen on January 4-5 and January 7-8, 1994, is also noticed on different shorter timescales during the period of November 9-16 (Figures 6a-6e) and December 5-10 (Figures 7a-7f) , 1994, though the tropopause structures show small variations during June 7-24, 1995 (Figures  8a-8j) . The anomalous structures observed during these campaigns will be highlighted here.
4.2.1. November 1994. During the second campaign (November 9-16) (Figures 6a-6d) 
Effect of Tropopause Weakening on Ozone

Distribution:
Case Studies
The balloon-borne ozonesonde ascents were taken on radar observation days (see Table 2 ). We have selected some events of tropopause weakening which show the signature of stratosphere-troposphere exchange in ozone profiles. In addition, we have also presented one event of tropopause weakening which does not show exchange of ozone. To verify the effect of tropopause weakening on the ozone concentration, only the main findings will be highlighted here. 4.3.1. Case 1 (January 1994). During the first campaign, i.e., January 3-8, 1994, the radar observations show tropopause weakening on January 4-5 and January 7-8. It has been already discussed in section 4.2. However, the ozonesonde data only on January 8, 1994, show that ozone concentration has been affected at all pressure levels. Therefore the observations made on January 4-5 and January 7-8,1994, have been selected to correlate the effect of tropopause weakening and signature of stratosphere-troposphere exchange of ozone. analysis shows that the maximum ozone peak at 8 hPa on January 5 has increased from 6 to 14 ppmv, with a simultaneous decrease in tropospheric ozone concentration from January 4 (Figure 9a ). The integrated tropospheric ozone below the tropopause on January 5 has decreased by 11 DU from January 4, though the integrated stratospheric ozone on both days is essentially same. On January 4, only ozone has descended from peak position (---8 hPa) to lower stratosphere (---50 hPa). So there is no evidence of stratospheric intrusion into the troposphere. However, the change in integrated tropospheric ozone may be explained by the same amount of total ozone decrease from January 4 to January 5. The ozone profiles taken on 0840 IST, January 7, 1994 show that the maximum ozone concentration (-•16 ppmv) occurs at around 8---9 hPa (Figure 9b) . On January 8, the ozone profile (Figure 9b ) taken at 1100 IST shows that the normal peak on January 7, 1994, has come down from ---8-9 hPa to around 20 hPa with peak value (---7 ppmv) . Simultaneously, the tropospheric ozone mixing ratio shows a onefold increment, particularly at the upper troposphere ( The integrated ozone concentration from ground to tropopause (-•100 hPa) that generally varies within the range of 30-40 DU has increased by 30 DU on November 16 and by 50 DU on November 10. This large increment of tropospheric ozone may be compensated for by the same amount of decrease of stratospheric ozone when total ozone remains reasonably same (see Table 2 ). The normalization factor (equal to 1.12) obtained on the November 10 ozone profile proves the quality of the data. In the above mentioned three campaigns, the normal ozone concentration has been occasionally affected by the sudden structural changes in tropopause through the decrease of stratospheric ozone with simultaneous increase in tropospheric ozone. Analysis of the ozonesonde data (Figure 12) during the forth campaign (June 7-24, 1995) shows negligible change in tropospheric ozone concentration (see figure inset where the x axis is enlarged) though there is variation in stratospheric ozone concentration. The variation of upper tropospheric ozone from 0.025 to 0.050 ppmv may be attributed to the relative deviation, which is typically within q-10-20% and the precision error (10-15%) of the instrument. However, this variability in stratospheric ozone can be related to change in total ozone (-18 DU; see Table 2 ). The change in ozone profiles is observed on January 7-8, when tropopause structure has behaved abnormally. Figure 16b shows the presence of upward velocity during the period of tropopause weakening on January 4-5, and it may not allow mass exchange from stratosphere to troposphere. It is also evident in ozone profiles taken on January 4 and 5, 1994. On January 7-8, during tropopause weakening, the interesting feature is the mixture of down&aft and up&aft around the tropopause (Figure 16d ). In addition, the magnitude of vertical velocity during the tropopause weakening is low, of the order of few centimeters. Therefore the low order of vertical velocity and/or the mixture of up&aft and down&aft might have facilitated the downward vertical mixing between the stratosphere and troposphere and the possibility of horizontal advection of stratospheric ozone due to the upward displacements.
Case 3 (December 1994). During the third campaign (December
To identify the synoptic features of transport of ozone, the gridded (1.0øxl.25 ø) total ozone obtained from Meteor 3 has been plotted between 0 ø and 30øN and between 40 ø and 120øE in longitude for the period of January 6-9, 1994, keeping the MST radar and Trivandnma as center (Figure 17a-17c) . On January 6, it shows that there is a positive latitudinal gradient of 0.50 DU per degree in total ozone from equator to north. However, the magnitude of total ozone at the center for the period January 6 and 7 remains 250 DU, whereas The integrated stratospheric ozone obtained from MLS has been plotted in Figures 18a-18c for January 6, 7-8, and 8-9, 1994. On January 6, 1994, Figure 17a shows that the absolute value of integrated stratospheric ozone over the region of interest, i.e., Tirupati (13.5øN, 79.2øE) and Trivan&um (8.9øN, 76.6øE) , varies within the range of 230-240 DU. In addition, the spatial gradient in the integrated stratospheric ozone from equator to 30øN follows the same variations as total ozone on January 6, 1994. On January 7-8, 1994, the absolute value over the region of interest has decreased by 10 DU. Of course, this decrease is above the uncertainties in individual column ozone value from MLS (---7 DU). On January 8-9, 1994, the region of low integrated stratospheric ozone value has converged around 12øN, 72øE with the absolute value of the order of 215-225 DU. The change in integrated stratospheric ozone on January 7-8, 1994, may be attributed to several factors, for example, the change in tropopause height (100 hPa), which is considered constant here, horizontal divergence, and downward transport. The spatial gradient of integrated stratospheric ozone from the areas surrounding Tirupati and Trivan&um to the region of interest is very negligible, and therefore the decrease in stratospheric ozone may not be the result of horizontal divergence due to its own spatial gradient. In addition, the horizontal displacements may require large upward vertical wind, which was absent on that particular day (Figure 16d ). Therefore the decrease in stratospheric may be the result of downward vertical transport, which may increase the tropospheric ozone.
The tropospheric ozone residual (TOR) maps are obtained from Meteor 3 TOMS and integrated column ozone from MLS from 100 hPa (Figure 19a-19c) . On January 6, the tropospheric ozone residual (TOR) over the region of interest is of the order of 10-15 DU. The possibility of enrichment of tropospheric ozone at the site of interest (Timpati and Trivandmm) due to horizontal advection because of its own spatial gradient is possible only from three regions centered at 30øN, 65øE; 30øN, 95øE; and 15øN, 45øE. On January 7-8, the magnitude of TOR has increased by 10 DU over the same region from likely associated with subsynoptic (meso-alpha) scale features [Nastrom et al., 1989] . Therefore the comparative time series analysis of radar data with weather maps and cross sections based on synoptic radiosonde data suggest that any temporal change in wind vector direction observed by MST radar is not noticeable in synoptic weather charts of 1200 UTC, January 7 and 0000 UTC, January 8, 1994.
The comparative analysis of Figures 16-23 suggests that the synoptic features of the decrease in stratospheric ozone are observed in the integrated stratospheric ozone, but the observed decrease in stratosphere is probably not the result of horizontal advection. It requires large upward vertical wind, which is absent here. In addition, low spatial gradient in the integrated stratospheric ozone surroundings of the Tirupati (13.5øN, 79.2øE) and Trivandrum (8.9øN, 76.6øE) also discards this hypothesis. Therefore the stratospheric ozone may be the result of downward transport, which may increase tropospheric ozone. The easterly wind pattern within 0 ø -10øN and southeasterly horizontal wind within 10ø-20øN at 300, 500, and 700 hPa does not strongly support the hypothesis that the increment in tropospheric ozone particularly at the upper troposphere is either the result of horizontal transport of ozone from surroundings (TOR=5-10 DU) to the site of interest (TOR=15-20 DU) or the results of horizontal advection of tropospheric ozone. Generally, the oceanic air mass is poor in ozone (TOR=5-10 DU, see Figures 19a-19d) , and therefore the transport over this site by zonal to quasi-zonal wind is probably not the cause of the ozone increase. To gain further insight into the source of air of the region of interest, the forward and back trajectories analysis along isentropic surface is required.
Conclusion
The occurrence of tropopause weakening is observed several times on different timescales of different degree during the period of January 3-8, November 9-! 6, and 4. Ozone is either carried along with this descending air mass or diffuses downward, driven by its own vertical gradient. These two mechanisms can also take place simultaneously.
5. However, it cannot be ascertained at this stage which of the two mechanisms predominates. In both the cases it results in a decrease of ozone concentration from the normal in the stratosphere and an increase in the troposphere with descending of peak height.
Therefore the exchange of ozone during "tropopause weakening" could have a significant effect on the budget of chemical composition, especially for such species as ozone. On the basis of measured NOx (ground) over the Indian subcontinent, the local production of tropospheric ozone, which may have a role in the increment of tropospheric ozone and its budget, can be calculated using a three-dimensional model. It is out of scope of this discussion, however. Fritts, D.C., and P.K. Rostogi, Convective and dynamical instabilities due to gravity wave motions in the lower and middle atmosphere: Theory and observation, Radio Sci., 20,
